ABSTRACT Lipid peroxidation plays an important role in cell membrane damage. We investigated the effect of lipid peroxidation on the properties of 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphatidylcholine (PLPC) lipid bilayers using molecular dynamics simulations. We focused on four main oxidation products of linoleic acid with either a hydroperoxide or an aldehyde group: 9-trans, cis-hydroperoxide linoleic acid, 13-trans, cis-hydroperoxide linoleic acid, 9-oxo-nonanoic acid, and 12-oxo-9-dodecenoic acid. These oxidized chains replaced the sn-2 linoleate chain. The properties of PLPC lipid bilayers were characterized as a function of the concentration of oxidized lipids, with concentrations from 2.8% to 50% for each oxidation product. The introduction of oxidized functional groups in the lipid tail leads to an important conformational change in the lipids: the oxidized tails bend toward the water phase and the oxygen atoms form hydrogen bonds with water and the polar lipid headgroup. This conformational change leads to an increase in the average area per lipid and, correspondingly, to a decrease of the bilayer thickness and the deuterium order parameters for the lipid tails, especially evident at high concentrations of oxidized lipid. Water defects are observed in the bilayers more frequently as the concentration of the oxidized lipids is increased. The changes in the structural properties of the bilayer and the water permeability are associated with the tendency of the oxidized lipid tails to bend toward the water interface. Our results suggest that one mechanism of cell membrane damage is the increase in membrane permeability due to the presence of oxidized lipids.
INTRODUCTION
Lipid peroxidation alters the physiological functions of cell membranes and plays an important role in cellular membrane damage. Peroxidation is believed to be involved in cellular aging and in various diseases, such as Parkinson's and Alzheimer's disease (1) (2) (3) (4) (5) (6) (7) (8) (9) as well as schizophrenia (10) , atherosclerosis (11, 12) , inflammatory diseases (13) , and cardiac ischemia reperfusion injury (14, 15) . Unsaturated lipids are easily susceptible to peroxidation (16) . The effect of both unsaturation and peroxidation on the properties of lipid bilayers has been well characterized experimentally (17) (18) (19) (20) (21) (22) . Still, the exact mechanism of membrane damage by oxidized lipids is unclear. Oxidized lipid tails are more polar and can be shorter in length, due to the presence of aldehyde or hydroperoxide groups (23, 24) . Lipid peroxidation has been shown to perturb the bilayer structure and modify membrane properties such as membrane fluidity, permeability to different substances, and bilayer thickness. The existence of a direct relationship between lipid peroxidation and membrane leakiness has been suggested (25) (26) (27) (28) . Increased membrane permeability caused by oxidation of lipids and membrane proteins can disrupt ion gradients, therefore altering metabolic processes. Lipid peroxidation can influence the permeability of lipid membranes by increasing the dielectric constant of the membrane interior and by increasing the microviscosity, possibly through cross-linking of lipid radicals (23) . Focusing on structural and dynamic properties, a decrease in membrane thickness upon oxidation has been observed using x-ray diffraction analysis, along with interdigitation of the terminal methyl segments (22) . The effect of peroxidation on lipid dynamics and membrane order is less clear. According to some researchers, peroxidation does not affect the fluidity of the membrane (29) nor the reorientational dynamics of the lipids (18) . According to others, membrane fluidity is decreased (30) (31) (32) (33) and the decrease is higher near the double bonds of the bilayer, whereas other regions are less affected (30) . Some have reported an increase in the lipid tails order parameter (30, (33) (34) (35) (36) , others no change (37) or a decrease (18, 38) . Several reasons can explain the differences in experimental results, including the use of different methodologies to generate peroxides, leading to different (and usually not well-defined) lipid compositions of the membrane (22) . Despite the numerous studies on the effect of oxidation on the structure and dynamics of lipid membranes, the relationship between increased membrane permeability, and modifications in the structure and dynamics of lipid bilayers is not clear.
In recent years, computational studies of model membranes proved to be particularly useful in the description of the structure and dynamics of lipid bilayers (39, 40) and in the interpretation of experimental results (41) . Pure lipid bilayers, including either a single type of lipid (42) (43) (44) and mixtures of two or more lipids (43, (45) (46) (47) (48) (49) (50) , have been investigated using computational methods, as well as mixtures of lipids with proteins (51) . Unsaturated lipid bilayers also have been studied using computer simulations (52) (53) (54) (55) (56) , but the structural consequences of the presence of oxidized lipids have never been investigated using computational methods, to the best of our knowledge.
In this work, we use molecular dynamics simulations to characterize the effect of lipid oxidation on the properties of 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphatidylcholine (PLPC) lipid bilayers. In particular, we describe the effect of four different products of PLPC peroxidation (57) at five concentrations, ranging from 2.8% to 50%. We focused on four main oxidation products of linoleic acid, including either a hydroperoxide or an aldehyde group: 9-trans, cishydroperoxide linoleic acid (9-tc), 13-trans, cis-hydroperoxide linoleic acid (13-tc), 9-oxo-nonanoic acid (9-al), and 12-oxo-9-dodecenoic acid (12-al) (Fig. 1 ). These oxidized chains replaced the sn-2 linoleate chain in PLPC. The goal of this work is to understand how oxidized lipids change the membrane properties. In particular, we seek to characterize the relationship between the changes in membrane permeability and the modifications of structural and dynamic properties of the lipid bilayer, and to provide a detailed description at the atomistic level of the chemical interactions responsible for the changes in the properties of the membrane. The article is organized as follows. First, we describe the methods used to derive the simulation parameters for the lipids and the simulation methods. Then we describe a number of properties of a PLPC bilayer and how they change upon increasing the concentration of oxidized lipids, and compare simulation results to experimental ones reported in the literature. Finally, we discuss the relationship between permeability, structure, and dynamics of oxidized bilayers.
METHODS

Force-field parameters
A united-atom force field was used for the lipids in all simulations. The parameters for the phosphatidylcholine (PC) headgroup and the lipid tails were taken from previous works on PLPC and DPPC lipids (42, 54) . The hydroperoxide lipid tails were created by addition of a hydroperoxide group at position C9 or C13 of the linoleate tail and shifting the double bonds, as shown in Fig. 1, a and b . The aldehyde lipid tails were also built starting from linoleic acid (Fig. 1, c and d) . The bonded parameters for the O-O and O-H bonds and for the O-O-H angle were taken from previous calculations on hydrogen peroxide (58) . The dihedral angle parameters and the partial charges for the peroxide and aldehyde groups were derived using quantum chemistry calculations on 3-hydroperoxy-1-butene and propanal (Fig. 2 , a and b), while Lennard-Jones parameters were taken from hydroxide and carbonyl groups already present in the force field. We used the Jaguar software package (59) for all quantum calculations, with the B3LYP method of density functional theory (60, 61) and the LACV3P**11 basis set. Partial atomic charges were estimated using natural population analysis (62) and the electrostatic surface potential fitting method with Merz-Kollman atomic radii (63) after the geometry optimization. The results for partial charges are reported in Table 1 . For the calculation of bond and angle force constants, we restrained the bond lengths and angles at seven different values, then fitted a harmonic potential functions to the energy profile. For dihedral parameters, dihedral angles were restrained at 36 different values from 0 to 360°, and the standard proper dihedral function ðVðvÞ ¼ + N n¼0 ðV n =2Þ½11cosðnv À gÞÞ was fitted to the potential energy. For all bonded parameters, the Lennard-Jones and electrostatic energy were calculated for different geometries and subtracted from the total energy before fitting. Results for all bonded parameters are reported in Tables 2 and 3 . 
Bilayer setup and simulation details
The systems were generated starting from the equilibrium structure of a PLPC bilayer containing 72 lipids. We replaced 2, 4, 8, 18, and 36 PLPC lipid molecules with each oxidized lipid, obtaining 20 different bilayers with oxidized lipid concentrations of 2.8%, 5.6%, 11.1%, 25%, and 50%, respectively. The two bilayer leaflets always contained the same number of oxidized lipids. All 21 simulation systems contained 72 lipid (including PLPC and oxidized lipids) and 2880 water molecules. All simulations were carried out with version 3.3.1 of the GROMACS package (64). After energy minimization, molecular dynamics simulations were run for 180 ns, and the initial 80 ns were considered as an equilibrium period. The integration time step was 2 fs. Periodic boundary conditions were applied in all dimensions. A 1.0 nm cutoff was employed for the electrostatic and Lennard-Jones interactions and the neighbor list was updated at every time step. The longrange electrostatics was calculated using particle-mesh Ewald (65, 66) ; the real-space interactions were evaluated using a 1.0 nm cutoff, and the reciprocal-space interactions were evaluated on a 0.12 nm grid with fourthorder B-spline interpolation. The relative error for the Ewald sum in the direct and reciprocal space, controlled in GROMACS by the parameter ewald_rtol, was set to 10 À5 . The LINCS algorithm was used to constrain all bond lengths (67) . The weak temperature coupling scheme was applied separately to the lipids and water (68) , with a temperature of 298 K and a time constant of 0.1 ps. The semiisotropic pressure was applied (68) , with an equilibrium pressure of 1 bar both in the x-y plane and in the z direction (bilayer normal) with a time constant of 4.0 ps and a compressibility of 4.5 3 10 À5 bar À1 . Molecular graphics were made using VMD (69) .
Potential of mean force and permeability of water
Constraint simulations were used to calculate the potential of mean force (PMF) of water as a function of the distance from the center of the bilayer, the local diffusion coefficient at different depths, and water permeability through the lipid bilayer (70, 71) . A series of 31 simulations was run with the distance between water and the center of bilayer constrained between 0 and 3.0 nm, with 0.1 nm spacing. Only the component of the distance along the bilayer normal (z axis) was constrained, while water was completely free to move in the x and y directions. The SHAKE algorithm was used, with a relative tolerance of 10 À5 . Two water molecules were constrained at the chosen depths inside the bilayer, at a distance of 3.0 nm (along the z axis) from each other. In the first simulation, one water molecule was restrained at 0 nm (corresponding to the center of the bilayer) and the second at 3 nm (corresponding to the bulk water phase). This setup allows for increased sampling at no computational cost. Each simulation was 15 ns long and the forces were calculated as a function of the simulation time. The free energy of water transfer from the bulk phase to various depths in the membrane can be expressed as
where AEF(z9)ae t indicates the average force over the simulation time; the limits of the integration range from bulk water to depth z. To estimate the error on the force, we used a block averaging procedure on five intervals, each 3 ns long. We used the force autocorrelation method for the calculation of the local time-dependent friction coefficient, j(t), as described by Marrink (70, 71) . The static friction coefficient, j, is inversely proportional to the local diffusion coefficient (D(z9)) (71) (72) (73) and the permeability coefficient (P) of the solute is defined as the inverse of the resistance (R). The resistance R to permeate through the bilayer is obtained by integrating over the local resistances Rðz9Þ:
RESULTS AND DISCUSSION
Structural and dynamic properties of the lipid bilayer
The first important change in the simulations of all the oxidized lipids is in the conformation of the lipid tails.
Snapshots showing the conformation of oxidized and nonoxidized lipids are shown in Fig. 3 . The portion of the lipid tail containing oxygen atoms is found, on average, close to the interface region. This is confirmed by the distribution of aldehyde and peroxide oxygen atoms in the bilayer, shown in Fig. 4 . For both the aldehyde-containing and the peroxidecontaining lipids, the maximum density of oxygen atoms is around the carbonyl group, and the distribution is broader for aldehyde-containing lipids. Together with the conformational change, hydrogen bonding is observed between the oxidized lipid tail and water, carbonyl groups, and phosphate groups. Table 4 shows the average number of hydrogen bonds formed by the hydroperoxide and aldehyde groups with other groups, in each simulation. In all cases, oxidized lipid tails form hydrogen bonds mostly with water molecules. For hydroperoxide-containing lipids, hydrogen bonds with phosphate groups are more probable than with carbonyl groups. The average total number of hydrogen bonds per lipid does not change significantly with the concentration of oxidized lipids. Its average value is 1.00 6 0.13 for hydroperoxide lipids and 0.48 6 0.05 for aldehyde lipids. This highlights a correlation between oxygen density distribution and hydrogen bonding: hydroperoxide lipids have higher propensity to form hydrogen bonds with water and narrower density distributions. These findings corroborate the model initially proposed by van Kuijk et al. (74) , suggesting that the hydroperoxide moieties reside in the proximity of the lipid headgroup region, because of their hydrophilic character. The presence of hydrogen-bonding interactions involving the lipid tails affects most of the properties of the lipid bilayer. Fig. 5 A shows the electron density profile calculated from our simulations of pure PLPC and for bilayers containing 50% concentration of each oxidized lipid. The total density at the center of the bilayer is increased in the presence of oxidation, and the maxima are shifted toward the center. The increase of the density at the center of the bilayer corresponds to partial interdigitation of the phospholipids acyl-chain terminal methyl segment when the thickness of bilayer decreases. While experimental data on PLPC are not available, the change in the electron density profile upon peroxidation has been characterized experimentally for dilinoleoyl phosphatidylcholine (DLPC) bilayers, as shown in Fig. 5 B (reproduced from (22)). Simulation results on PLPC compare favorably with the experimental ones on DLPC, showing a decrease in the bilayer thickness and a higher density in the center.
We calculated the average area per lipid and bilayer thickness in the 21 simulated systems (Table 5) , and compared the results to previous simulations and experimental data. The thickness of the bilayer was calculated from the simulations as the average distance between phosphate groups in the two leaflets, computed from the total electron density profile. Errors were estimated using a block averaging procedure described by Hess (75) . Fig. 6 shows the area per lipid molecule and the bilayer thickness at different concentrations of each oxidized lipid. For the pure PLPC bilayer, we found an average area per lipid of 0.651 6 0.015 nm 2 and an average thickness of 3.62 6 0.01 nm. The difference with previous calculations (54, 76) and experimental findings (53, 77) is within 6% for the area and 3% for the thickness. For all the bilayers containing oxidized lipids, the area increases with increasing concentrations of the oxidized lipids, and the thickness decreases. Visual inspection of the trajectories suggests that the increase in area per lipid and the corresponding decrease in the thickness are related to the preference of the more polar oxidized tails for the interface and the headgroup region. The relationship between area and thickness is not straightforward, since both the length of the oxidized lipid tail and the position of the oxygen in tail have a specific effect on the structural properties of the bilayer. The thickness is generally less when the bilayer contains aldehyde lipids, for which one of the acyl tails is shorter. On the other hand, lipids with the peroxide or aldehyde groups farther away from the carbonyl ester tend to give larger areas. Bilayers containing 13-tc generally have the largest area per lipid, but not the smallest thickness.
The increase in the area per lipid observed in our simulations is consistent with experimental results by Pradhan et al. (78) showing that peroxidized lipids increase the phospholipids spacing in erythrocyte membranes. Sabatini et al. (79) characterized DPPC monolayers containing oxidized lipids, in particular 9-al (referred to as PoxnoPC, in their study) and the carboxylic acid analog. They found that both oxidized lipids expanded the monolayers, similarly The functional form is the following: að11cosðx À bÞÞ1cð11cosð2x À dÞÞ1eð11cosð3x À f ÞÞ: *kJ/(mol 3 rad 2 ). y Degrees.
FIGURE 3 Snapshots of a single PLPC and 13-tc taken at 5 ns intervals. Lipids are colored by atom type: nitrogen is blue, carbon is cyan, oxygen is red, and phosphorus is tan. Molecules are oriented along the z axis and superimposition was done on the phosphorus and oxygen atoms. to our results. Interestingly, film expansion was larger with the carboxylic terminal group, the more polar group. They also proposed a model for the arrangement of the sn-2 acyl chains in monolayers that is similar to the model of van Kuijk (74) , and consistent with our results.
The degree of ordering of the tail is also influenced by the presence of the oxygen atoms, as shown by the deuterium order parameter. The deuterium order parameter can be measured by NMR, and is defined as
where u j is the angle between a C-D bond and the membrane normal. The brackets indicate averaging over the two bonds in a certain CD 2 group, over all the lipids and over time.
Since we used a united-atoms representation in our simulations, the positions of the deuterium atoms were reconstructed assuming ideal tetrahedral geometry of the methylene groups and trigonal planar geometry of the C¼C double bonds. The order parameter was calculated for all the CD bonds in the sn-1 and sn-2 chains of both PLPC and the oxidized lipids in all the simulations. Fig. 7 A shows the deuterium order parameter calculated on the sn-2 chain in the simulation of pure PLPC and in the presence of 11% oxidized lipids. Standard errors were calculated using a block averaging procedure. Table 6 reports the average order parameter for the sn-1 and the sn-2 chains of PLPC and each oxidized lipids in all the simulations. As expected, both in PLPC and in the oxidized lipids the unsaturated tail has lower order parameters compared to the saturated one. In general, the order parameter of the acyl chains for all the lipids decreases with increasing concentration of oxidized lipids. Fig. 7 , B and C, show the deuterium order parameter of the sn-1 chain of PLPC in the presence of 9-tc and 9-al at different concentrations. The disordering effect induced by the presence of the oxidized lipid tail is stronger for aldehyde lipids than for hydroperoxide ones (see also Table 6 ). This effect can be related to the lower hydrogen-bonding propensity of the aldehyde tails, which makes them more mobile, and to the larger free volume available to the acyl chains when the sn-2 chain is shorter. Wratten et al. (18) measured the membrane ordering in PLPC and DLPC bilayers containing hydroperoxide and hydroxide groups using angle-resolved fluorescence depolarization. Their results showed that the presence of oxidized lipid molecules cause a decrease in membrane order. However, other studies showed an increase (30, (34) (35) (36) or no change (37) in the order parameter. It has been suggested that this discrepancy depends on the presence of numerous oxidative products, different from our case. Together with the changes in the structural properties of the bilayer, dynamic properties of the lipids were also modified. We calculated the lateral diffusion coefficient from the mean-square displacements (MSD) of the lipids as a function of time. We observed that the two monolayers move relative each other and relative to water during the simulations. Both types of motion are artifacts due to the finite size of the simulated systems and to periodic boundary conditions (80) . We therefore subtracted the center of mass motion of each monolayer before calculating the MSD. We then utilized the model proposed by Wohlert and Edholm for the calculation of the lateral diffusion coefficient at short and long timescales (80) . This model considers two different types of diffusion occurring on different timescales. The diffusion at short times (described by the D 1 coefficient) takes place within a circular area of radius R and is not Brownian, while the diffusion at long times (described by the D 2 coefficient) involves large displacements and is Brownian. Both diffusion coefficients can be calculated by fitting the MSD curve to the following expression (80):
To estimate the error of diffusion coefficients, we split our 100-ns trajectories in two intervals of 50-ns each and fitted the four MSD curves (two curves for each leaflet) between 0 and 10 ns. For the pure PLPC bilayer we found values of (10.4 6 0. Table 7 . Both the short time and the long time diffusion coefficients do not change significantly with increasing concentration of oxidized lipids. Early experimental studies suggested an increase of membrane microviscosity upon peroxidation (30) (31) (32) 84) , while more Table 5 ), and are therefore omitted for the sake of clarity.
recent results indicated that the effect of lipid oxidation causes pronounced structural effects but minimal effects on the membrane dynamics (18, 29) . Our study suggests that, while the presence of oxidized lipids has a large influence on structural properties, its effect on lipid lateral diffusion is relatively small. Long time diffusion coefficients of PLPC and oxidized lipids as a function of the concentration of oxidized lipids are reported in Fig. 8 . Diffusion appears to be faster for aldehyde lipids compared to hydroperoxide lipids. This is consistent with the lower degree of ordering observed in the presence of aldehyde lipids (see Fig. 7 , B and C), and can be related to the stronger hydrogen-bonding interactions observed for hydroperoxide lipids (involving not only water but also polar headgroups of neighboring lipids) and the larger free volume available for the acyl chains in the presence of aldehyde lipids.
Water permeation through PLPC bilayers
The presence of oxidized lipids has a profound influence on the permeability of water through PLPC bilayers. Water pores are observed in all the simulations containing 5% or more oxidized lipids, and they are relatively stable at higher oxidation levels. Fig. 9 shows a water defect in a bilayer containing 13-tc lipids at 50% concentration. Based on visual inspection of the trajectories, water defects can form independently in both leaflets and they are larger in the presence of 12-al and 13-tc. This difference correlates well with the higher area per lipid in bilayers containing 12-al and 13-tc lipids, which have polar oxygen atoms closer to the terminal methyl group. It is possible that water defects form more easily upon clustering of oxidized lipids, but the simulations do not provide sufficient statistics in this respect. Demixing of oxidized lipids is not observed on the simulation timescale, and the clusters appear to have a limited stability.
To understand the energetics of water penetration inside different bilayers, we calculated the potential mean force (PMF) of water as a function of the distance from the center of the bilayer using constraint simulations. Due to the high computational cost, we limited the calculations to nine systems, including pure PLPC and bilayers containing 11.1% and 50% of each oxidized lipid. For the same systems we also calculated the local diffusion coefficient and the permeability of water across the bilayer. PMF profiles are shown in Fig. 10 . The shape of free energy profile for pure PLPC is very similar to previously published profiles for DPPC (70, 71, 85) . The free energy increases moving from the water interface to the hydrophobic tail region, reaching a maximum of 29.4 6 2.3 kJ/mol at 0.5 nm from the center of bilayer. A dip of ;1 kJ/mol is observed at the center of bilayer, which can be interpreted as the effect of the slightly lower local density (70, 71) . Free energy values in our simulation are higher than those obtained by Marrink and Bemporad simulating DPPC bilayers (70, 85) . The difference might be explained by the different nature of the lipids and the lower temperature used in our simulations (300 K instead of 350 K or higher). For the pure PLPC bilayer, we compared PMF results obtained from constraint and umbrella sampling simulations (data not shown), and did not find significant differences. For the mixtures containing oxidized lipids, the shape of the PMF becomes Gaussian-like when the concentrations of oxidized lipids increases, and the dip at the center of the bilayer disappears. Since the density at the center of the bilayer increases with increasing level of oxidation, this result is consistent with the idea that the dip in the PMF depends on the local density. The free energy barrier to translocation across the bilayer decreases as the concentration of oxidized lipids increases, with all four oxidized lipids. The free energy at the center of bilayer is decreased by 0.6 to 1.6 kJ/mol in the presence of 11.1% oxidized lipids, and by 4.0 to 11.1 kJ/mol in the presence of 50% oxidized lipids. Like for the area per lipid, 12-al and 13-tc lipids have a stronger effect on the free energy barrier compared to 9-tc and 9-al. Local diffusion coefficients and the local resistance were calculated for water at different depths in the membrane. In the case of the pure PLPC bilayer, we observe a decrease in the local diffusion coefficient from bulk water to lipid tail interior and an increase in the central portion of the bilayer. Although this behavior is qualitatively similar to that observed by Marrink and Bemporad on DPPC bilayers (70, 85) , the discrepancy in the actual values is significant. In the central region, the local diffusion coefficient of water is lower in oxidized bilayers than in the nonoxidized bilayer. This is related to the increase in the local density at the center of oxidized bilayers. As expected, the free energy barrier dominates the local resistance profiles for water in the bilayers, and therefore water permeability. To our knowledge, water permeability through PLPC bilayer has never been reported in the literature. However, several articles reported experimental results for water permeability through different saturated and unsaturated lipid bilayers. A value of (4.9 6 0.6) 3 10 À3 cm/s has been reported for 1-stearoyl-2-linoleoyl phosphatidylcholine, and (9.1 6 2.4) 3 10 À3 cm/s for 1,2-dilinoleoyl phosphatidylcholine (DLPC) (86) . Although comparable, these values are higher than our findings for pure PLPC, (1.6 6 0.5) 3 10 À3 cm/s at 25°C. Table 8 shows the permeability of water through PLPC bilayers at two different concentrations of oxidized lipids. As all oxidized lipids decrease the free energy barrier for water penetration, all of them increase water permeability. This effect is not very large at the concentration of 11.1%, but at 50% the increase in permeability is between one and two orders of magnitude. The increase in water permeability with increasing concentration of oxidized lipids is consistent with experimental results (25) (26) (27) (28) and correlates with looser packing of lipids. In our simulations, 12-al and 13-tc lipids have a larger effect on water permeability compared to 9-al and 9-tc lipids. This result suggests a relationship between permeability and the bilayer structural features. Water permeability appears to be related to the position of the oxygen in the lipid tail more than to the length of the tail and the hydrogen-bonding capability of the oxidized moiety. Based on our results, water permeability correlates better with the area per lipid than with the bilayer thickness and hydrogen-bonding capability.
Although our calculations are limited to the permeability of water through a lipid membrane, we expect similar trends to be valid for any polar solute (27) . An increase in the permeability of all polar substances would lead to an imbalance for numerous substances in a cell and therefore to cell death. FIGURE 10 Potential of mean force for water as a function of the distance from the center of the bilayer, in a bilayer containing pure PLPC or 11.1% oxidized lipids or 50% oxidized lipids. Error bars are omitted for clarity. 
CONCLUSIONS
In this work we studied the effect of lipid peroxidation on the properties of 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphatidylcholine (PLPC) lipid bilayers using molecular dynamics simulations. We simulated PLPC lipid bilayers containing different concentrations of four oxidation products of linoleic acid, containing either a hydroperoxide or an aldehyde group, in two different positions in the lipid tails. The aldehyde lipids have different chain length compared to the hydroperoxide ones, and the hydroperoxide group is more hydrophilic than the aldehyde group. These simple chemical features of the individual lipid molecules lead to well-defined changes in the properties of the bilayers. Structural and dynamic properties of the lipid membrane are affected by the presence of oxidized lipids to different extents. All the oxidized tails show a significant conformational difference compared to nonoxidized tails: the oxidized moiety is generally close to the lipid headgroup region and forms hydrogen bonds mainly with water. This tendency is more pronounced for hydroperoxide lipids compared to aldehyde lipids, due to the higher hydrophilicity of the hydroperoxide group. Structural properties of the lipid bilayer are found to depend on the different chemical features of the oxidized lipids: nature and position of the functional group, length of the lipid tail. The area per lipid has a stronger dependence on the position of the oxidized moiety, while the bilayer thickness depends strongly also on the length of the tail. The changes in area per lipid and bilayer thickness are reflected by a decrease in the order parameter of the lipid tails, which is stronger in the case of aldehyde lipids. Despite the large changes in the structural properties of the lipid bilayer, lipid translational dynamics does not appear to be significantly affected by the presence of oxidized lipids. Water permeability through the bilayer is increased in the presence of oxidized lipids, and water defects are observed frequently at high concentrations of oxidized lipids. Our results suggest that one mechanism of cell membrane damage is the increase in membrane permeability due to the presence of oxidized lipids.
Calculations were performed in part on WestGrid facilities.
